Introduction
Zucchini yellow mosaic virus (ZYMV) is one of the aphidborne viruses that was discovered in southern Europe 30 years ago (Gal-On, 2007; Amano et al., 2013) . It is a member of the family Potyviridae and genus Potyvirus (Regenmortel et al., 2000) . ZYMV is an important virus that causes significant damage and losses in cucumber yields (Provvidenti et al., 1984; Yuki et al., 2000; Park et al., 2004; Amano et al., 2013) . This virus is transported from plant to plant by aphids. Especially in the late summer and early fall, aphid populations are increased due to favorable environmental conditions, and therefore virus epidemics in these seasons can be promoted (Kosaka et al., 2006; Amano et al., 2013) . Due to the limitations in chemical, biological, and other plant protection methods for viral diseases in greenhouse cultivation, the most important plant protection method is to generate virusresistant cucumber cultivars. In cucumber, inheritance of the ZYMV-resistant trait has been characterized and derived from TMG-1 (Taichung-Mou-Gua) and Dina-1 (Dina). Both TMG-1 and Dina-1 inherited a recessive allele at a single locus, zym TMG-1 and zym Dina-1 (Providenti, 1987; Abul-Hayja and Al-Shahwan, 1991; Kabelka et al., 1997; Park et al., 2004; Amano et al., 2013) . Transfer of the recessive resistance gene into susceptible cultivars is time-consuming, laborious, and costly, and the only way to overcome these problems is the use of molecular markers. Park et al. (2004) developed sequence characterized amplified region (SCAR) and cleaved amplified polymorphic sequence (CAPS) markers that were linked to the zym locus. However, these markers may not segregate in all resistant and susceptible lines, making them unusable for marker-assisted selection. Recently, Amano et al. (2013) also developed both CAPS-T86C and dCAPS-G99A molecular markers that were linked to the zym locus. Many simple sequence repeat (SSR) and sequencerelated amplified polymorphism (SRAP) markers have been developed and used for the development of highdensity genetic maps and for whole-genome analysis and identification of candidate genes for the important traits in cucumber (Li and Quiros, 2001; Ferriol et al., 2003; Yeboah et al., 2007; Fukino et al., 2008; Watcharawongpaiboon and Chunwongse, 2008; Hu et al., 2010; Li et al., 2011; Meng et al., 2012; Amano et al., 2013) . Several amplified fragment length polymorphism (AFLP) primer combinations were also used for wide genome analysis and identification of candidate genes in cucumber (Park et al., 2000; Witkowicz et al., 2003; Bae et al., 2006) . The purpose of this study was to determine additional molecular markers linked to the ZYMV resistance gene in cucumber (Cucumis sativus L.) using SRAP, SSR, and AFLP markers.
Materials and methods

Plant material
In order to develop mapping populations, a ZYMVresistant inbred line, BTL_HTP_1, and a susceptible inbred line, BTL_HTP_2, were used as parental lines. These parental lines were obtained from the May-Agro Seed Corp. cucumber breeding program. Both resistance and susceptibility of parental lines to ZYMV were assessed using pathogenicity tests (Yardımcı and Korkmaz, 2004) . A single resistant plant from BTL_HTP_1 as a female and a single susceptible plant from BTL_HTP_2 as a male were crossed to generate F 1 . Single susceptible F 1 plants were self-pollinated to generate an F 2 population with 188 plants. Each F 2 plant was self-pollinated to develop 188 F3 populations. Ten plants from each F 3 population were tested for resistance to ZYMV to determine the genotypes of the F 2 plants. 2.2. Virus maintenance, storage, inoculation, and detection procedure ZYMV virus inoculants were tested and stored at -80 °C in a freezer (Thermo Scientific REVCO Value Series, Waltham, MA, USA) until use at May-Agro Seed Corp. ZYMV virus inoculum was prepared by grinding infected cucumber leaves according to Yardımcı and Korkmaz (2004) . To determine the genotype of F 2 plants, 10 randomly selected plants from each F 3 population were planted in a mixture of 70% peat and 30% perlite. Ten days after planting, carborundum-dusted cotyledons of 10-dayold seedlings were mechanically inoculated by a sponge dipped in inoculum solution. After inoculation, all of the inoculated plants were kept in a growth chamber for one night under high humidity (85%-90%) and transferred to a greenhouse the next day. All plant materials were kept at 25 °C with a 16/8 h light/dark photoperiod.
Two weeks after inoculation, all of the inoculated plants were scored as 1: no symptoms, 3: slight mosaic limited to lower leaves, 5: clear mosaic on lower leaves and slight mosaic on upper leaves, 7: moderate mosaic on upper leaves, or 9: severe mosaic on all leaves. Parental lines were included in the analysis as resistant and susceptible controls. After the calculation of disease severity index (DI = Σ[(s × n)/(S × N)] × 100, where s = disease rating scale, n = number of plants with each disease rating, N = total number of plants, S = highest disease rating scale), scores of 3.0 or less were considered as resistant and scores greater than 7.0 were considered as susceptible. Results between 3.0 and 7.0 were considered as heterozygous genotypes.
After morphological evaluation, ZYMV virus detection was performed using double-antibody sandwich enzymelinked immunosorbent assay (DAS-ELISA) methods developed by Clark and Adams (1977) . DAS-ELISA was carried out according to the manufacturer's protocol (Agdia Inc., Elkhart, IN, USA). All of the measurements were performed at 405 nm wavelength in an ELx808 microplate absorbance plate reader (BioTek Instruments Inc., Winooski, VT, USA). Healthy plants (as a control), a negative control, a positive control, and buffer were used for every test. All samples were regarded as positive if the measurement was more than twice that of the control healthy plants. One month after this measurement, all analyses were replicated for a double-check. 2.3. Molecular analysis 2.3.1. DNA isolation All of the DNA was isolated from leaves of the plants at the 3-4 true leaf stage with the DNeasy Plant Mini Kit (QIAGEN, Limburg, Netherlands) using the manufacturer's protocol. DNA concentrations of all samples were measured quantitatively and qualitatively with a spectrophotometer (Eppendorf Biophotometer Plus, Hamburg, Germany) at A 230 , A 260 , and A 280 wavelengths. The isolated DNAs were stored at -20 °C.
SRAP analysis
A total of 17 forward (ME) and 10 reverse (EM) previously tested SRAP primers were selected for genotyping analysis (Li et al., 2001; Ferriol et al., 2003; Yeboah et al., 2007; Meng et al., 2012) . PCR amplification of DNA with ME and EM primer combinations was carried out according to the protocol described by Ferriol et al. (2003) . Each PCR reaction of 25 µL contained 1X PCR buffer, approximately 50 ng of template DNA, 0.3 µM of each forward and reverse primer, 200 µM dNTP, 1.5 mM MgCl 2 , and 1 U of Taq DNA polymerase (Fisher Scientific, Pittsburgh, PA, USA). All PCR amplifications were carried out using a C-1000 thermal cycler (Bio-Rad Inc., Hercules, CA, USA) and the following thermal cycling conditions: 5 min at 94 °C; 5 cycles of 1 min at 94 °C, 1 min at 35 °C, and 2 min at 72 °C; and 30 cycles of 1 min at 94 °C, 1 min at 50 °C, 5 min at 72 °C. The PCR products were fractionated on 3% Super Fine Resolution (SFR) agarose gel, stained with EtBr, and visualized on a gel documentation system (BioRad Inc.). All SRAP primer combinations are given in Supplementary Table 1 (on the journal's website).
SSR analysis
A total of 586 previously developed primers of SSR markers were selected for genotyping analysis (Watcharawongpaiboon and Chunwongse, 2007; Fukino et al., 2008; Hu et al., 2010) . Each PCR reaction contained 1X reaction buffer, approximately 50 ng of template DNA, 0.5 µM of each forward and reverse primer, 200 µM of each dNTP, 1.5 mM MgCl 2 , and 1 U of Taq DNA polymerase (Fisher Scientific). All PCR amplifications were carried out in a C-1000 thermal cycler (Bio-Rad Inc.) using the following thermal cycling conditions: 3 min of initial denaturation at 94 °C; 36 cycles of 30 s of denaturing, 45 s of annealing at 50-60 °C, and 1 min of elongation at 72 °C; and a final elongation step of 5 min at 72 °C. The PCR products were fractionated on 3% SFR agarose gel and stained with EtBr. PCR products were visualized on a gel documentation system (Bio-Rad Inc.). All SSR primer sequence information is given in Supplementary Table 2 (on the journal's website). 2.3.4. AFLP analysis AFLP analysis was carried out according to the protocol described by Vos et al. (1995) with the modifications of Park et al. (2000) . A total of 308 primer combinations were selected for genotyping analysis. All AFLP primer combinations are given in Supplementary Table 3 (on the journal's website). AFLP products were visualized on the 4300L DNA Analysis System (LI-COR Inc., Lincoln, NE, USA).
Bulk segregant analysis
Bulk segregant analysis was performed with the protocol described by Michelmore et al. (1991) . The genotypes of all F 2 plants were determined via pathogenicity test as susceptible, resistant, and heterozygous. DNA from 20 homozygous susceptible (BS-1 and BS-2) and 20 homozygous resistant (BR-1 and BR-2) plants was pooled for preparation of ZYMV-susceptible and ZYMVresistant bulks, respectively. In total, 170 SRAP primer combinations, 586 SSR primers, and 308 AFLP primer combinations were selected for genotypic screening in order to find any polymorphisms between susceptible and resistant bulk groups as well as the resistant parent BTL_HTP_1, the susceptible parent BTL_HTP_2, and F 1 . Polymorphic primer combinations were used on all F 2 progenies and compared with phenotypic data to calculate the distance between the zym locus and the candidate marker. (Providenti, 1987; Kabelka et al., 1997; Park et al., 2004; Amano et al., 2013) . Phenotypic and serological analyses of ZYMV resistance in the F 2 population are shown in Table 1 .
Results
Phenotypic and serological analysis of ZYMV
Molecular analysis
Bulk segregant analysis
After phenotypic and serological analysis, all of the F 2 genotypes were determined as susceptible, resistant, or heterozygous. DNA from 20 homozygous susceptible (BS-1 and BS-2) and 20 homozygous resistant (BR-1 and BR-2) plants was pooled for preparation of ZYMV-susceptible and ZYMV-resistant bulks, respectively.
SRAP analysis
A total of 170 SRAP primer combinations were screened using resistant and susceptible parental lines with F 1 and resistant and susceptible bulk DNA samples. There were 760 DNA bands amplified with 170 SRAP primer combinations. Approximately 8.95% (68) of these DNA bands were polymorphic. However, none of these polymorphic SRAP markers were linked to ZYMV resistance.
SSR analysis
A total of 586 SSR markers were also screened using resistant and susceptible parental lines with F 1 and resistant and susceptible bulk DNA samples. Among the 586 SSR markers, only 52 SSR markers (8.87%) were polymorphic and there was no correlation between ZYMV resistance and polymorphic SSR markers.
AFLP analysis
A total of 308 AFLP primer combinations were screened using the same DNA samples. Among the 308 AFLP primer combinations tested, the combination of E-ACA/ M-CA showed expected segregation on both parental lines, F 1 , and bulk groups. AFLP primer combinations of E-ACA/M-CA are shown in Figure 2 with their segregation on the parental lines, F 1 , and bulk groups. The E-ACA/M-CA primer combination was tested on parental lines, F 1 , and 188 F 2 individuals in order to calculate the genetic distance between the marker and the zym locus. We found that the combination of E-ACA/M-CA showed 93.08% correlation with phenotypic data. We thought that the combination of E-ACA/M-CA was linked to the zym locus with a distance of 6.91 cM.
Discussion
ZYMV is one of the most important virus diseases in cucumber. It causes significant amounts of yield loss in greenhouse cultivation (Provvidenti et al., 1984) . ZYMVresistant cucumber cultivars have been developed by using conventional breeding methods. Pathogenicity testing in conventional breeding is time-consuming, laborious, and more expensive. In addition, pathogenicity testing can easily be affected by the environment. Due to the recessive inheritance of the zym locus in cucumber, test crosses are required after every backcross of conventional breeding in order to determine the progeny carrying the recessive resistance gene (Purcifull et al., 1984; Amano et al., 2013) . Therefore, development of DNA-based molecular markers and use of them in marker-assisted selection breeding is critical to increase efficiency of ZYMV-resistant breeding in cucumber.
In marker development studies, it is necessary to characterize phenotypes of the segregating population. In our study, out of 188 F 2 plants, 39 were homozygous resistant, 97 were heterozygous, and 52 were homozygous susceptible in phenotypic observation; however, in DAS- , 1997; Park et al., 2004; Amano et al., 2013) . According to our phenotypic evaluation results, we confirmed that ZYMV resistance is conferred by a single recessive locus.
Bulk segregant analysis is an effective and rapid procedure to identify the gene(s) of interest in segregating populations. This method has been used for both monogenic qualitative traits and quantitative trait loci (Michelmore et al., 1991; Collard et al., 2005) . Besides, this method allows rapid and convenient molecular screening of the bulk groups.
We developed an AFLP marker that linked to the zym locus in our cucumber breeding material with 6.91 cM. Park et al. (2004) developed a linked DNA-based molecular marker for the zym locus in cucumber. However, this marker did not segregate in any of our 42 inbred cucumber lines. Amano et al. (2013) also developed other CAPS-T86C and dCAPS-G99A CAPS markers derived from RFLP markers for the zym locus.
In this study, the combination of E-ACA/M-CA was linked with the zym locus and showed the correct correlation of the F 2 population with parental lines and F 1 . Because of some restrictions of AFLP methods, it is necessary to convert SCAR markers to use for markerassisted selection in breeding. This marker will be converted to a SCAR marker in a future study. 
